Abstract-Voltage regulators are at the heart of portable and embedded systems, which demand high-performance and lowpower microprocessor design. These regulators will provide best voltage switching and power delivery when they can be integrated on the same chip with the microprocessor. However, their on-chip implementation is challenging because of low power-conversion efficiency and noisy output due to inductive element. Furthermore, inductors are difficult to be implemented on the chip, because they occupy valuable space due to their large size and introduce many parasitic effects. In this paper we investigate several techniques to replace inductors in a voltage regulator. The purpose is to identify the most suitable option to design physical inductor-less regulator. From primary observation it appears that active circuit elements based inductor can replace inductor in on-chip regulator design.
I. INTRODUCTION
OWER management has become a critical design concern in microprocessor-based system design. Technology scaling has continuously driven towards higher levels of integration, higher frequencies and lower operating voltages. For technologies down to 90 nm it has been possible to continue performance improvement while reducing power for the same functionality from one processor generation to the next. However, for 65 nm and below, the effect of increased interconnection length and resistance, coupled with a relatively flatter operating voltage, has caused a significant dynamic and static power increase in complex chips [3] . As a result, there is an immediate need for techniques to manage power and performance especially in systems that run multiple applications such as multi-core chip. With the recent trend towards system-on-a-chip (SOC) and multi-/.many-core systems, power management techniques that were designed for single-core microprocessors must be reevaluated to exploit the larger functional space comprising many functional blocks/cores on the same chip.
Voltage regulators are found in all computing systems and are crucial in delivering smooth power from the source to the load in a lossless manner. They are required to reduce large voltage variations of the source and bring them in more acceptable levels. Public demand for smaller portable but high performance products and recent trends towards multicore SOC have pushed for total on-chip integration of these voltage regulators [1] - [3] . Enormous benefits in multicore voltage regulation can be achieved by placing the regulator on chip. An on-chip VRM will provide the benefit of both improved power delivery and very high-speed voltage switching due to smaller sizes of filter elements, which means higher operating frequencies and faster response to the changes in load activity. It will provide wellregulated and constant voltages and filter out fluctuations that are generated from the power supply, thus protecting the load from seeing the ripple that comes from the input and the output transients. There are various regulator topologies to be explored. The preferred regulator topology for on-chip integration is the switching regulator (as shown in Fig. 1 ) due to its ability to provide better conversion efficiency as oppose to the linear regulators, and to supply multiple output voltages that may be larger or smaller than the input. However, in [13] we have observed that bringing the regulator inside the chip would lead to significantly smaller size of the filter capacitors that will cause voltage droop and in-rush current problems. Also, on-chip inductor sizes must also be drastically reduced, resulting in higher switching frequencies, but lower conversion efficiencies. However, high efficiency and accuracy requirements would make the inductor prohibitively large in SOC and multicore chips [1] . Besides, inductor is the most difficult and costly component to be implemented on the chip. Going forward we have two options -invent a switching regulator that does not need inductor or emulate inductor through innovative circuit technique suitable for onchip integration. In this paper we plan to investigate active inductor circuits to replace a physical inductor in a regulator. Section II investigates challenges and general understanding of on-chip voltage regulators. Section III reviews available active inductor replacement techniques. Section IV focuses on one specific technique and compares it with a real inductor. Section V concludes the paper. to use a nonstandard power supply of less than 5V [5] . Contrary to the voltage decrease, the current requirements of the microprocessors increased greatly. Because of the microprocessors' low voltage and high current demands, the parasitic resistors and inductors of the connections of power supplies and the microprocessors have a severe, negative impact on power quality. It is no longer practical for the source to provide energy directly to the microprocessor. It is now necessary to power the microprocessors with dedicated converters and voltage regulators. The point-of-load regulation system is used to deliver a highly accurate supply voltage to the microprocessor, where a dedicated dc/dc converter, the voltage regulator, is placed in close proximity to the microprocessor in order to minimize the parasitic impedance between the voltage regulator module and the microprocessor [5] . In the beginning, 5-V is used as the input of the VRM. As the power consumption of the microprocessor increases, the distribution loss of the 5-V bus dramatically increases. Therefore, the input voltage from the source increases as well.
II. ON-CHIP VOLTAGE REGULATOR -REQUIREMENTS
The purpose of the regulator is to maintain voltage to the microprocessor during its transient response periods. When the microprocessor switches between "sleep mode" and "active mode," and vice versa, the current demand of the microprocessor transits between no load and full load with very high current slew rates. During operation, the microprocessors also have fast transitions between different load levels due to the number of transistors involved in the computations. Because of the tremendous clock speed of the microprocessor, the transitions need to be completed quickly, which imposes very high current slew rates on the voltage regulator.
B. Implementation challenges
With the growing push towards multi-core system-on-chip implementations, in recent years, there has been a surge of interest to build on-chip integrated switching voltage regulators [9] . These regulators, operating with high switching frequencies, can obviate large valued inductors and capacitors, allow the filter capacitor to be integrated entirely on-chip, place smaller inductors on the package, and enable fast voltage transitions at nanosecond timescales [2] . There is a direct tradeoff between the switching frequencies of the voltage regulator and their power conversion efficiency [2] . Since the regulator is placed on the same chip as the microprocessor, the sizes of its filter components are reduced. A smaller capacitor size results in less charge stored, which means less charge available to the load, which then introduces higher vulnerability to large di/dt events that can cause large voltage fluctuations [1] .
In the case of off-chip regulators, decoupling capacitors are used to reduce fluctuations. However, this technique is not quite effective since capacitors and inductors create resonance in the circuit. On the other hand, using decoupling capacitors on-chip does not create resonance since the regulator is placed close to the load; but this technique is again not very efficient because a large number of capacitors increases chip area. In addition, the on-chip regulator uses the filter capacitor for both decoupling and filtering without considering its small size. Since this on-chip capacitor is much smaller than the total decoupling and filter capacitance used for off-chip regulators, large load current steps can rapidly drain out the limited charge stored on the capacitor before the regulator loop can respond, resulting in a large voltage droop [2] . So it is imperative to come up with a technique that provides both clean input voltage to the load and resists droops due to smaller filter component sizes.
Switching regulators are not able to provide clean output voltage due to the presence of the inductor, which also plays the role of an energy storage device. Energy that is available at one time is to be released at a different time. In a power supply, it is usually important to store and release energy with very low losses. To perform a function, a certain amount of energy must be stored. When the switch turns on the current in the inductor ramps up and energy is stored. When the switch turns off this energy is released into the load, thus resulting in a saw tooth waveform as in Fig. 2 . The amount by which the current changes during a switching cycle is the ripple current as shown in (1) .
where VL is the voltage across the inductor, di is the ripple current and dt is the duration of applied voltage. From this we can see that the magnitude and shape of ripple current and voltage is dependent upon the size of inductance. Ripple voltage needs to be sufficiently low as not to effect the operation of the circuit the regulator is supplying to. Therefore, the efficiency of a regulator depends on the size of its inductor. Fig. 3 shows the impact inductor sizing has on output voltage ripple in step-down switching regulator shown in Fig. 1 . For on-chip integration the size of the inductor must be reduced. However, from Fig. 3 it can be seen that as the size of the inductor decreases the magnitude of output voltage ripple increases.
It is also important to note that even we implement these small inductors on the chip or inside the package with one of the currently available expensive and inefficient techniques, the low values of on-chip inductance are suitable only for RF applications [6] . As mentioned in the introduction we have two options -going for an inductor-less regulator or emulation of inductors on the chip. There are various 106 inductor-less options available, such as, linear regulators that suffer from low conversion efficiency, MEMS integrated inductors that are very complex and expensive to make and difficult to interface with other active devices, and finally charge pumps that suffer from pulsating currents, which eventually cause poor regulation. Therefore, for on-chip regulators, using inductor-less option does not look promising. Instead we may use simulated or emulated inductors to replace real inductors in the on-chip regulator.
III. SIMULATED INDUCTOR TECHNIQUES
Inductors have always been a bottleneck in nano-and micro-electronic circuits due to their relatively large size, tendency to pick up noise in the electromagnetic spectrum, and difficulty to fabricate and interface with CMOS and BJT devices. In general, inductive effects are dampened by resistance but at high frequencies and wide and long lines inductance may cause delays, noise, and other signal integrity problems. Difficulty with on-chip inductance is also the result of the unpredictability of the current return paths and the fact that wires at larger distance may influence each other. Before replacing the inductor in a regulator circuit it is important to notice that the inductor is floating and not earthed. Therefore, it can be replaced by circuitry that simulates a floating inductor.
In general current conveyors are used since they offer a simpler way of implementing complex functions in the circuit. Recently analog designers have realized that current conveyors offer several advantages over operational amplifiers by providing higher voltage gain over a larger signal bandwidth under small or large signal conditions and they are successful in developing an instrumentation amplifier that does not depend critically on the matching of external components [8] . A floating inductor can be realized with second generation current conveyors as shown in Fig. 4 . However, this technique is more suitable for analog applications and it does not allow electronic tuning to control the value of inductance. Here, inductance is controlled independently via resistors R1 and R2 [12] . For electronic tuning and inductance control second-generation current controlled conveyors (CCCII) are used in combination with current conveyors as shown in Fig. 5 .
Ideal floating inductors can also be realized only with second generation current controlled conveyors, Fig. 6 . The CCCII circuit uses a mixed trans-linear cell between ports Y and X, which is dc biased by Io [11] . Two complimentary current mirrors are arranged to constitute port Z, which carries the current flowing through port X. Therefore, this is a CCCII+, with positive transfer. Drawback of these techniques is the extensive use of current mirrors since they have low output impedance and poor current gain. Also, the design of CCCII employs both BJT and CMOS technology, which makes it suitable for mixed signal designs, but it may be source of noise in purely digital circuits. Besides, mixed signal designs are moving towards all-CMOS implementation due to the difficulties related to integrating BJT and MOS process on the same substrate. An inductor may also be simulated with capacitor, resistor and linear active devices. Such circuits can be gyrators realized with resistors, capacitors and active devices like operational amplifiers. Here we are introducing an Active Inductor model (see Fig. 7 ), which was basically designed for radio frequency integrated circuit to obtain high quality factor (Q) without significant noise [10] . Fig. 8 shows the proposed design of a switching regulator with an active inductor that replaced the physical inductor of Fig. 1 . This active inductor can be implemented by any of the b 107 approaches of Fig. 4 to Fig.7 . We propose to use a modified version of the active inductor of Fig.7 [10] to replace the floating inductor of switching regulator. In the original design (Fig.7) the inverter pair was used to provide negative resistance to boost Q. We have discarded the inverter pair as our primary goal is to enhance converter efficiency rather than only achieving high Q. Eliminating the differential pair we can reduce 4 MOSFETs. From the small signal analysis it was found that the inductance of the dominant inductor (L s1 ) in the active inductor can be modeled as in (2) . L s1 =2C gs5 /g m1 g m5 (2) The active inductor of Fig.7 is designed completely by active devices. It was primarily modeled for Radio Frequency Integrated Circuits (RFIC) [10] . Its principal advantages are: operating frequency range, quality factor (Q), noise performance, linearity, and tunability. Noise of this type of inductor is not correlated to the quality factor (Q). Its inductance is tunable over a large frequency range. The inductance can be varied by varying the transconductance, which is dependent on the W/L ratio of different MOSFETs and the DC current through them. This active inductor has not been implemented in a voltage regulator circuit before. We have used it as a replacement of the inductor in a Buck converter and obtained a satisfactory voltage conversion ratio. Although the power requirement and efficiency issues of this type of implementation are yet to be investigated.
IV. PROPOSED DESIGN AND ANALYSIS
Value of the dominant inductance (L s1 ) in the active inductor design mainly depends on the trans-conductance of the MOSFET M 1 and M 5 . We have tuned their W/L ratio and the DC current in order to achieve an optimum value of L s1. Then we have replaced the inductor of a buck converter with the alternative active inductor and simulated the output voltage ripple. Fig. 9 shows the comparison of the output voltage ripple of two buck converters one using a regular 10mH inductor and the other using the proposed emulated inductor.
V. CONCLUSION From the discussion it can be concluded that one of the fundamental challenges of integrating a voltage regulator on the chip is the implementation of actual inductors. In this paper, an overview of different types of floating inductor replacement techniques that are currently available is presented. The purpose of this investigation is to find suitable method to simulate inductance in on-chip switching voltage regulator. Other limitations and issues of on-chip regulators have also been briefly discussed. The focus of this paper has been the investigation of the best technique for inductor replacement. We did not address the costs and benefits of integrating active inductor on the chip. Our ongoing work focuses on the methodology and challenges of including active inductor on the chip. Other alternatives to replace inductors in on-chip voltage regulators are also currently under investigation. 
